The extracellular matrix (ECM) provides structural and biochemical signals that regulate cell function. A well-controlled balance between cells and surroundings (i.e., Dynamic Reciprocity) is crucial for regulating ECM architecture. During cancer progression, epithelial cells undergo genetic alterations, which together with stromal changes, including ECM remodeling, disturb the homeostatic dynamics of the epithelium. A parallel organization of stromal ECM fibrils is associated with tumorigenic responses. In an emerging paradigm, continuous and progressive regulation via mechanical forces and aberrant signaling are believed to be responsible for tumorassociated ECM remodeling. In this review, we discuss the discrete biomechanical and biochemical mechanisms that underlie these architectural changes and highlight their particular relevance to the regulation of the alignment of ECM in the mesenchymal stroma.
The ECM exists in two biochemically and structurally distinct forms: as a basement membrane and as interstitial/stromal ECM. The basement membrane, a sheet-like structure located at the basal surface of most epithelial and endothelial monolayers, is composed mainly of laminins, collagen IV, entactin, heparin sulphate proteoglycans, and nidogen and serves as a dense barrier separating the epithelium or endothelium from the underlying mesenchyme [4] . The bulk of the mesenchymal/interstitial stromal ECM, produced by mesenchymal (i.e., fibroblastic) cells, is rich in fibrillar glycoproteins such as collagens I and III, as well as fibronectin [5] . Under normal, non-pathological conditions, the basement membrane enforces both apicobasal polarity of the epithelium as well as the quiescent phenotype of the adjacent parenchyma [6] . In certain physiological conditions, such as wound healing and development, and in pathological disorders, such as cancer and chronic fibrosis, where the homeostatic equilibrium is disrupted, the basement membrane is often thinned or degraded [7] . Under these conditions, epithelial cells are "activated" to acquire migratory features via epithelial to mesenchymal transition (EMT), traverse the basement membrane, and come into direct contact with the interstitial/stromal ECM [8] . These migrating activated epithelial cells can trigger the activation of stromal cells, directly or by means of paracrine signals, resulting in a "primed" or "activated" stroma. According to some studies, an activated stroma facilitates tumor progression [9, 10] , although some other studies argue against this interpretation [11, 12] : much work remains to be done to fully understand the tumor-promoting effects of activated stroma.
In this review, we describe how loss of normal tissue homeostasis during tumorigenesis results in remodeling and realignment of stromal ECM components. We will touch upon some of the cell-ECM reciprocity mechanisms that influence the biochemical and biophysical remodeling of the ECM with specific focus on control of alignment of the matrix fibrils.
Alteration in organization and composition of ECM facilitates cell invasion
A random, isotropic arrangement of fibrillar ECM components is indicative of a "normal," quiescent or homeostatic parenchyma, whereas an organized, anisotropic arrangement of relatively straight ECM fibers is a hallmark of a pathological microenvironment (i.e., desmoplasia) [3, 13, 14] . Such straight/anisotropic features are observed in fibrosis, and in stroma associated with epithelial tumors [15] , and are indicative of poor patient prognosis [14] . Aligned stromal ECM in vivo serves as natural trails on which cancer cells migrate [13, 16] . Alterations in the alignment of structural collagen fibers associated with tumorigenesis, termed "Tumor Associated Collagen Signatures" (TACS) can be visualized in vivo using second harmonic generation of polarized light [14] . Distinct types of TACS, signifying unique stromal phenotypes, can be correlated with different stages of progressive breast cancer. Assorted TACS: the curly/anisotropic fibrils, designated as TACS-1, are found in normal, quiescent tissue (Box 1). In contrast, increasingly thickened and aligned/straight fibers (termed TACS-3) are seen in desmoplastic stroma perpendicularly oriented to the tumor boundary [14] . Hence, regions containing TACS-3 phenotypes constitute sites of focal tumor invasion [13] . Indeed, the level of TACS-3 has emerged as an independent prognostic marker in breast cancer, similar to the status of estrogen or progesterone receptors [14] . Linearization and parallel alignment of ECM fibrils has also been observed in vitro, when fibroblasts harvested from tumor tissues were used to produce cell-derived ECMs [3, 17, 18] . The tumorigenic behavior of cancer cells grown in ECMs derived from normal or tumor-associated fibroblasts is strongly regulated by the types of ECM provided, with ECM derived from normal tissue repressing the tumorigenic phenotype in cancer cells, while ECM derived from tumor-associated permissive fibroblasts activate the tumorigenic phenotype in benign cells and are permissive for tumorigenic behaviors in cancer cells [3, 18, 19] .
BOX 1
The loss of homeostatic equilibrium initiates a stromal remodeling cascade which leads to fibroblast activation (i.e., myofibroblasts/CAFs) and production of biomechanically and biochemically altered ECM [7] . The progressive stages within ECM fiber remodeling ( Figure I ) correlate to metastatic progression [9, 13, 14] . In TACS-1 (normal) stage, the collagen fibers are "curly and isotropic," indicative of normal tissue. In TACS-2 (predisposed) stage, the collagen fibers are straightened (taut) and arranged in parallel around the tumor, indicative of pre-invasive tissue. Finally, in TACS-3 (aligned) stage, the collagen fibers are "thickened and aligned" perpendicular to the tumor boundary, indicative of metastatic stage. Similar patterning of mesenchymal ECM fibrils has been observed in vitro in numerous CAF-derived ECM models such as in skin [17] , breast [3] and pancreas [18] .
Stromal ECM fiber remodeling stages. (A) Schematic diagram representing progressive remodeling within collagen fibers of ECM during tumorigenesis. (B) Micrographs acquired using multiphoton laser scanning microscopy illustrating TACS in Wnt-1 mouse breast cancer model. Reproduced and modified from open access available [13] . (C) Representative reconstituted confocal images obtained from in vitro fibroblast-derived ECM associated with murine squamous cell carcinoma. Reproduced and modified with permission from [17] .
Biochemical factors regulate ECM remodeling during cancer progression
Myofibroblastic cancer-associated fibroblasts (CAFs), also known as TAFs or tumorassociated fibroblasts, are the principal producers of the interstitial (i.e., desmoplastic) ECM. Tumor cells and activated stromal cells can regulate matrix alignment by releasing increasing amounts of proteases and auxiliary growth factors that trigger changes to the ECM [3, 20] . The specific ECM synthesized by CAFs typically contains high levels of collagen I, oncofetal fibronectin spliced variants, such as ED-A, and a plethora of matricellular proteins, such as periostin [21] . An increase in the levels of specific ECM components occurs in various cancer subtypes and may be used as a prognostic indicator. For instance, increased secretion of hyaluronan by activated fibroblasts is commonly observed in pancreatic cancer and is known to promote tumor growth [22] . This could be caused by increased interstitial pressure due to water molecule retention. In addition, proteoglycan molecules such as chondroitin sulfate proteoglycan (CSPG) are upregulated in glioma and play a central role in ECM organization [23] . Furthermore, there is growing understanding that the expression, composition and organization of ECM molecules, as well as ECM remodeling enzymes such as matrix metalloproteases (MMP's), is regulated by microRNA's [24] . Note that the possible role of microRNAs on ECM regulation has been critically reviewed elsewhere [25] and is outside the scope of this review.
ECM remodeling enzymes are essential for regulating ECM organization
MMPs are members of a large family of enzymes responsible for degrading and organizing the ECM [26] . Twenty six MMP genes in various subclasses have been identified [27] , including membrane-type metalloproteinases (MT-MMPs), which are specific membranebound members of the MMP family. MMPs act on a variety of structural ECM components including collagens, fibronectin, laminin, tenascin, and vitronectin [28] , as well as growth factor receptors present on the cell surfaces [29] . MMP-1 (collagenase-I), the first MMP discovered in 1962, is one of the proteases responsible for degrading fibrillar collagens [30] . MMP-1 mediated collagen I degradation is necessary for in vitro cell migration and wound healing [31] . High expression of MMP-1 has been linked to cell invasion in vivo; therefore, targeting MMP-1 is often used as a strategy for attenuating cell invasion [32] . Other members of the MMP family, such as the gelatinases MMP-2 and MMP-9 degrade collagen IV, which is a major component of basement membranes and also found in stromal ECMs [33] . Inhibition of both MMP-2 and MMP-3 can reduce fibroblast-mediated collagen hydrogel contraction as well as collagen production in vitro [34, 35] . Among the various members of the membrane-bound MMP family, one of the best-studied proteases is MT1-MMP (also known as MMP-14). Genetically engineered mice deficient in MT1-MMP, but not other MMPs such as MMP-2, -3, -7, -9 and -12, exhibited severe abnormalities in connective tissues due to lack of their ability to degrade and remodel collagen [36] . The activity of MT1-MMP is crucial for cleaving collagen fibers, reorganizing them into parallel bundles, and forming tube-like microtracks that facilitate collective cell migration [37] .
Lysyl oxidase (LOX), a copper-dependent oxidative enzyme that modifies lysyl residues on numerous protein substrates, is crucial for modulating the organization of the ECM by crosslinking collagen and elastin [38] . High LOX expression has been observed in myofibroblasts proximal to the invasive front of an infiltrating breast tumor, where the stroma is aligned [39] . Interestingly, the inhibition of extracellular LOX significantly decreased both stiffening and alignment of ECM in vivo [40] . LOX-knockout mice die around the time of birth due to diaphragmatic hernia, massive aortic aneurysms and other severe defects of the cardiovascular system, which arise as a result of insufficient collagen assembly and crosslinking [41] .
Fibroblast activation protein (FAP) is another key ECM modifying enzyme that plays a role in matrix remodeling, and its stromal levels of expression are indicative of infaust outcome in patients [42] . Overexpression of FAP promotes the formation of desmoplastic-like aligned matrices in vitro [18] .
Additional biochemical signaling molecules that participate in regulating ECM organization
Cytosolic Rho-ROCK is a well-described signaling pathway that regulates a variety of cell functions such as cytoskeletal reorganization and gene activation [43] . The activation of Rho-ROCK is dependent on integrin, the main cell-matrix receptor, and can promote directional migration and cell motility in both tumor and stromal cells that in turn further enhance ECM alignment or organization [2, 44, 45] . As shown in experiments using an in vitro system of tumor explants embedded in collagen gels, activation of Rho-ROCK is required for contractility-dependent collagen realignment, whereas inhibition of Rho-ROCK results in a substantial reduction of contact guidance tracks [2] . Interestingly, the generation of contact guidance tracks occurred in a MMP-independent manner as the treatment of collagen gel cultures with broad spectrum MMP inhibitor did not alter the formation of tracks [2] . Furthermore, although Rho-ROCK activity is required to initiate and maintain the generation of these tracks, once the tracks are established, Rho-ROCK activity is no longer necessary for cell migration [2, 46] . Discrete signals are thus likely needed for the production of parallel oriented ECMs and the initial stimuli may differ from those provided subsequently by the altered ECM [2, 46] . Interestingly, the biophysical characteristics of both the ECM and the cells are important in ECM modulation of tumorigenicity [47] . Both ECM porosity and elasticity, as well as the degree of nuclear deformability, are key parameters that determine whether cell invasion through mesenchymal ECMs depends on MMP, integrin, and/or Rho-ROCK activities [47] .
Caveolins (Cavs) belong to a family of integral membrane proteins that are present in distinct membrane rafts, i.e. caveolae, and are involved in the regulation of key signaling molecules relevant to proliferation, survival, and motility. Lack of Cav-1, as seen in Cav-1 −/− mice, leads to loss of caveoli formation [48] . Cav-1 is also an important activator of Rho-ROCK [49] and, as such, plays an important role in the initiation of ECM organization in the tumor itself as well as in the tumor-associated stroma. High levels of fibroblastic/ stromal Cav-1 prompts in vivo and in vitro formation of parallel organized ECMs, which in turn promote metastatic behaviours in a Rho-ROCK dependent manner [3] . Conversely, down-regulation of Cav-1 decreases Rho activity and causes altered ECM topography resulting in reduced cell contractility and a decrease in metastasis [3] .
Syndecans (Synds) are heparan sulfate proteoglycan cell surface receptors that are present in both stromal and tumor cells [50] . Synds function as integrin co-receptors, binding to a wide variety of extracellular molecules, including fibronectin, vitronectin, laminins, and fibrillar collagens [51] . Synd-1 expression in breast cancer stromal fibroblasts is associated with organized parallel ECM fibrils and increased tumorigenic cell responses in vitro. This was shown in ECM from Synd-1 expressing fibroblasts, which exhibited parallel fiber architecture (Synd-1-ECM), whereas the ECM from cells lacking Synd-1 (mock-ECM) was randomly aligned. In addition, breast carcinoma cells seeded into ECMs produced by Synd-1 expressing, but not control fibroblasts, exhibited enhanced attachment, invasion, and directional movement [52] .
YAP (Yes-associated protein) and TAZ (transcriptional co-activator with PDZ-binding motif) have recently emerged as a new class of mediators of mechanotransduction. YAP/TAZ are downstream signaling proteins in the Hippo signaling pathway and play an important role in stem cell renewal, organ growth, and tumorigenesis [53] . Mechanical stimuli, such as increased substrate stiffness or shear stress induced by interstitial fluid flow (IFF), can trigger nuclear localization of YAP/TAZ thus initiating their interactions with other transcription factors to control proliferation, cytoskeletal tension, and motility [54, 55] . For example, shear stress as low as 0.01 PA was sufficient to prompt the localization of TAZ to the nucleus of fibroblasts and facilitate their osteogenic differentiation [55] . Similarly, cell stretching also triggers YAP/TAZ nuclear translocation [56] . Based on these observations, nuclear localization of YAP/TAZ in stromal fibroblasts might serve as functional biomarker characteristics of desmoplastic ECM undergoing continuous remodeling.
Mechanical factors regulate remodeling of ECM during cancer progression
Onset and progression of tumorigenesis are characterized by increases in matrix stiffness, matrix strain, and elevated interstitial fluid flow and/or pressure [57] . Mechanical forces can align the ECM in two ways: by directly aligning the matrix due to increase in physical force, or indirectly by first aligning the cells which will then remodel and vectorially re-deposit the ECM. This latter mechanism reflects the fact that stromal cells exposed to mechanical forces produced by adjacent tumor respond by adjusting their cytoskeletal contractility, thus creating a tensional imbalance, which in turn results in a field effect that further alters the stromal ECM architecture [7] . For example, interstitial fluid movement at flow rates of 5-13 μm/s (equivalent to a shear stress of 0.1-0.3 dynes/cm 2 ) through a collagen matrix seeded with lung and dermal fibroblasts causes the direct physical alignment of collagen fibrils [58] . In turn, the pre-aligned collagen fibers provide contact guidance cues for the alignment of the cells along the newly oriented collagen fibers, further enhancing the extent of remodeling and alignment in this ECM.
Increase in contractility of fibroblasts in response to mechanical stimuli and their transition from quiescent fibroblasts to myofibroblasts are two important parameters driving ECM alignment [59] . Growth factors such as transforming growth factor beta (TGF-β), which also needed to evade immune surveillance [60] , and platelet-derived growth factor (PDGF) are necessary in myofibroblastic activation [61] . Contractile myofibroblasts are often characterized by the expression of alpha smooth muscle actin (α-SMA) and its localization to stress fibers [62] . For example, application of a static tensile force of 0.65 pN/μm 2 via collagen-coated magnetic beads increased the expression of α-SMA in fibroblasts up to 2-fold within just 4 hrs [63] . Mechanical stress can activate latent MMPs [64] , increase the production of collagen [65] , and modify cellular responses via integrin/focal adhesion kinase (FAK) engagement [40] . Moreover, the ECM acts as a reservoir for growth factors such as TGF-β, fibroblast growth factor (FGF), platelet derived growth factor-BB (PDGF-BB), vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF), and insulin like growth factor-1 (IGF-1) [66] . Hence, augmented mechanical stimuli, such as mechanical load, can result in the local release or activation of the above-mentioned factors stored in the ECM [67] . At the same time, application of physical forces can expose cryptic sites present on particular ECM molecules, which can facilitate binding to other proteins. For example, cell-traction forces encountered within a three-dimensional human fibroblast matrix can induce unfolding of fibronectin from its compact-to-extended conformation [68] . The unfolding of fibronectin reveals binding sites for tenascin which are inaccessible when fibronectin is in the folded conformation [69] . The biomechanical properties of the ECM also play a crucial role in regulating stem cell responses. For example, Engler and coworkers reported that naïve mesenchymal stem cells can acquire specific phenotypes and lineages in response to different viscoelastic properties or stiffnesses of the threedimensional ECMs [70] . In fact, ECM signals influencing stem cell behavior may intersect or share pathways with signals that regulate cancer cells and thus may be useful in understanding signals that regulate cancer ECM remodeling [40] .
Dynamic reciprocity between biochemistry and mechanics affecting ECM remodeling
The interplay between mechanical and biochemical factors can trigger ECM remodeling [71] . For example, the secretion of ECM modifying enzymes and expression of numerous proteins (Table S1 ) by activated CAFs and tumor cells triggers alterations in the biomechanical properties of the ECM. Conversely, the altered biomechanical changes in the ECM can in turn affect cell responses, eventually leading to persistent, bidirectional signaling events between cells and ECM termed as "dynamic reciprocity" that further promote ECM remodeling/alignment and tumorigenesis [71, 72, 73] .
Central to the dynamic reciprocity feedback signaling cascades, the integrin dependent Rho-ROCK pathway plays a crucial role in governing ECM remodeling and tumor progression. By means of integrins, cells are able to "sense" concomitant physical and biochemical cues, which via downstream molecules such as FAK and Rho-ROCK [74, 75] both react to ECM and further prompt additional ECM changes [71, 72, 73] . Interestingly, Rho-ROCK activation is known to be regulated by many of the same CAFs expressed stromal signaling proteins such as Cav-1 [76] , FAP [77] , and YAP [78] , known to promote matrix alignment. Moreover, Rho-ROCK activation is also triggered by mechanical forces, such as the ones imparted by desmoplastic ECMs, and transmitted to cells via integrins [79] . For instance, an increase in matrix stiffness disturbs the tensional status quo between a given mammary epithelial cell and its environment. This in turn activates Rho-ROCK inside the cell promoting EMT [7] . Taken together, the activation of Rho-ROCK pathway is critical in the mechanotransduction dynamic reciprocity loop between cells and ECM that promote desmoplastic ECM alignment (Box 2).
BOX 2
Dynamic reciprocal interactions between cell and ECM ( Figure I ) lead, maintain and further promote biochemical and biomechanical re-arrangements in the stroma (i.e. aligned ECM) [71, 72, 73] . During the onset of tumorigenesis, transformed stromal/ cancer cells express biochemical factors such as matrix modifying enzymes (i.e., MMPs, LOX, and FAP) and growth factors (i.e., TGF-β and PDGF) that assist in the remodeling and patterning of the matrix. Reciprocally, mechanical changes such as elevated interstitial flow and increase in stiffness generated within an evolving tumor also facilitate ECM remodeling. Both these mechanical and biochemical stimuli trigger and promote the activation of integrin-dependent Rho-ROCK resulting in increased fibroblast contractility, thus feeding forward a dynamic reciprocal loop promoting the formation and expansion of the desmoplastic ECM Desmoplastic ECM "normalization" as potential therapeutic strategy intervention
The vast majority of literature suggests that tumor stroma promotes cancer progression and aids in tumor growth and invasion [9] . However, some recent studies suggest that inhibition of the stroma or desmoplasia through drugs or genetic engineering accelerates tumor growth and decreases survival, implying that tumor stroma may actually be restrictive, rather than supportive of tumor growth [11, 12] . Even in transgenic mice with the ability to delete α-SMA myofibroblasts, the subsequent depletion of CAFs and omission of fibrosis resulted in increased immunosuppression thus accelerating pancreatic cancer and reducing survival [11] . Similarly, when the effects of genetically deleting activated stroma (i.e., via sonic hedgehog deletion) in pancreatic cancer were examined, it was found that reduced stromal desmoplasia enhances tumor growth and leads to reduced survival [12] . These studies strongly suggest that instead of aiming to eliminate desmoplasia, a more effective approach would be trying to "normalize" the tumor-associated stromal ECM by reducing matrix stiffness or reversing the cell-ECM alignment in the tumor stroma. Although the concept of using normal stroma to restrain cancer progression had been suggested a long time ago, only recently has the idea of restoring normal stroma been viewed as a potential therapeutic strategy to treat cancer. For instance, activating the stromal Vitamin D receptor, using the ligand calcipotriol, can reprogram this microenvironment by reducing fibrosis, enhancing angiogenesis, and increasing the efficacy of gemcitabine treatment in pancreatic cancer [10] . We surmise that additional studies capitalizing on these ideas will lead to a more comprehensive understanding of this promising type of approach. In fact, acute or chronic stroma-targeted treatments may be responsible, respectively, for protective or deleterious treatment outcomes [80] .
Concluding Remarks and Future Perspectives
In this brief review, we have discussed various biochemical and biomechanical factors that lead to the remodeling of tumor-associated stromal ECM. Under normal physiological conditions, the interactions between cells and their surrounding microenvironment are tightly controlled in order to maintain quiescent yet dynamic tissue homeostasis. If either the cellular or ECM components are perturbed, this delicate cell-ECM balance will be reorganized to restore a new homeostatic equilibrium. Stromal rearrangement is a common event in wounding or development, in which activated myofibroblasts undergo apoptosis after the tissue has fully healed [15] . In cancer, however, activated myofibroblasts are not eliminated, and the malignancy progresses to a stage at which the stroma itself is altered and eventually facilitates cancer progression. To fulfill this supportive role, the normal stromal ECM must undergo considerable physicochemical remodeling. Nonetheless, the stated tumoral and stromal changes further aggravate each other, both through cell autonomous and non-cell autonomous mechanisms, which in turn will proceed to promote a dynamic reciprocity cycle that has yet to be fully appreciated.
For example, certain biomechanical properties of the matrix, such as the alignment of certain ECM constituents (i.e., collagen I), have been correlated with cell invasion and poor prognosis [3, 13, 14, 15] . However, there are a number of other known molecules (Table S1 ), which participate in the observed changes in stromal ECM architecture, but their functions in this process have not been completely elucidated. Future studies using appropriate 3D tumor assemblies in vitro and animal models in vivo, together with conditions that better recapitulate proposed clinical trial conditions (i.e., acute vs. chronic treatments), should be directed towards identifying additional participants and uncovering more detailed mechanisms responsible for the unique realignment of tumor associated ECM.
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